We investigated the effect of an interfragmentary gap on the final compression force using the Acutrak 2 Mini headless compression screw (length 26 mm) (Acumed, Hillsboro, OR, USA). Two blocks of solid rigid polyurethane foam in a custom jig were separated by spacers of varying thickness (1.0, 1.5, 2.0 and 2.5 mm) to simulate an interfragmentary gap. The spacers were removed before full insertion of the screw and the compression force was measured when the screw was buried 2 mm below the surface of the upper block. Gaps of 1.5 mm and 2.0 mm resulted in significantly decreased compression forces, whereas there was no significant decrease in compression force with a gap of 1 mm. An interfragmentary gap of 2.5 mm did not result in any contact between blocks. We conclude that an increased interfragmentary gap leads to decreased compression force with this screw, which may have implications on fracture healing.
Introduction
The development of percutaneous techniques of scaphoid fixation using headless compression screws (HCSs) has decreased perioperative morbidity as there is less soft tissue damage than in open fixation (Alshryda et al., 2012) . However, this technique is not without its difficulties. There may be a less than ideal reduction as there is no direct visualization of the fragments and clamps cannot be used to directly compress the fracture. As a result, there may be a gap at the fracture site when the screw is being inserted.
HCSs are designed to produce compression and if there is a small gap it can usually be closed. However, the relationship between the size of the gap and the final compression force is not known. The aim of this study was to investigate the effect of an interfragmentary gap on eventual compression force when a fully threaded HCS is used.
Methods

Headless compression screw
The Acutrak 2 mini HCS (length 26 mm) (Acumed, Hillsboro, OR, USA) was chosen for this study. It is a cannulated, fully threaded, self-cutting, HCS with a variable thread pitch. The leading edge of the screw has a wider thread pitch, which gradually decreases along its length towards the trailing edge, producing a progressive compression force as the screw is inserted (Figure 1 ). The tip and tail have diameters of 3.5 and 3.6 mm, respectively.
Synthetic bone
Solid rigid polyurethane foam ('sawbone') (Sawbones, Vashon Island, WA, USA) was used to simulate the cancellous bone of the scaphoid. This synthetic material was chosen over cadaveric scaphoid bones to ensure the consistency of its mechanical properties (Chapman et al., 1996) . The sawbone that was used in this study had a density of 0.24 g/cc, which is similar to cancellous bone of the scaphoid and similar to synthetic bone used in previous biomechanical studies of the scaphoid (Assari et al., 2012; Hart et al., 2013; Sugathan et al., 2012) .
load cell
The custom load sensing apparatus in this study used two Flexiforce sensors (Tekscan, Boston, MA, USA). The Flexiforce sensor is an ultra-thin sensor consisting of flexible printed circuits, with a thickness measuring 0.203 mm. It is capable of measuring loads up to 400 N and has a circular sensor that is 9.53 mm in diameter. The load from the top block was distributed between the two sensors via two custom-made plates which were cut to the size of the circular load sensing area on each Flexiforce sensor. The total compression force was calculated by summation of the force detected by each sensor (Figure 2 ). Each sensor was calibrated before the study. The sensor output was processed using Flexiforce adaptor boards and a Phidget Interface Kit (Phidgets Inc., Alberta, Canada) connected to a computer. The total thickness of the load cell was 1.2 mm, which was the thinnest we could acquire, so as to minimize any effect on readings.
Spacer
To simulate the interfragmentary gap, sheets of acrylic with varying thickness (1.0, 1.5, 2.0 and 2.5 mm) were placed in between the blocks on top of each Flexiforce sensor.
Experimental setup
Two blocks of cross-sectional area 40 × 40 mm and height of 15 mm were placed on top of each other and held using a custom-made jig (Figures 2 and 3) . A 0.9 mm Kirschner (K-) wire was pre-drilled into the centre of each pair of blocks. The load sensors and spacers were placed between the blocks. The screw was advanced by hand through the top block until its leading edge was embedded 2 mm in the bottom block. A digital Vernier calliper was used to measure the insertion depth of the screw.
The spacers were then removed from between the blocks. A contact displacement sensor (Lord Microstrain, Williston, VT, USA) was used to record and ensure that there was no change in the gap between the blocks on removal of the spacers. The screw was then advanced until its trailing edge was embedded 2 mm below the surface of the upper block and the compression force was recorded. The depth of 2 mm below the surface reflected the clinical scenario in which screw length is maximized while ensuring the screw is buried below the articular cartilage (Fowler and Ilyas, 2010) . For each instance, a delay of 30 s was allowed for readings to stabilize before the compression force was recorded. Five trials were done with new blocks for each gap condition to obtain a mean. The compression force with only the load cell in between the blocks was also recorded and used as a control.
Statistical analysis
Any statistically significant differences in mean compression force with different interfragmentary gaps were determined using one-way ANOVA. Post-hoc tests were conducted using Tukey's honest significant difference (HSD) test to determine the amount of gap at which a statistically significant difference in compression force occurred.
Results
There was a statistically significant difference in compression force generated with various interfragmentary gaps as determined by one-way ANOVA. The mean compression force for each interfragmentary gap is shown in Table 1 . The amount of gap resulting in significantly different compression forces as determined by post hoc tests is detailed in Table 2 .
Discussion
We found that there was no significant loss in compression force with a 1 mm gap compared to no gap when using the Acutrak 2 mini HCS. This implies that a 1 mm gap can be compressed by the Acutrak 2 mini screw adequately. However, if the gap is larger than 1 mm but smaller than 2 mm, the gap can still be closed but there would be significant loss of compression. Gaps of 2.5 mm would definitely require reduction of the gap as this gap is too large for the screw to close. For percutaneous approaches, gap closure can be obtained by using K-wires inserted into the proximal and distal fragments to act as joysticks.
The ideal compression force required for scaphoid union is not known (Grewal et al., 2011) . It is believed that interfragmentary compression is important in holding reduction and promoting fracture healing (Adla et al., 2005; Aro and Chao, 1993; Sarmiento et al., 1997) . Several biomechanical studies have shown that the fully threaded Acutrak screw produces higher compression forces than partially threaded smooth shaft HCSs (Assari et al., 2012; Gardner et al., 2012; Grewal et al., 2011; Hart et al., 2013) . However, it has been suggested that too much compression force may affect fracture union (Wu et al., 2015) . If indeed nonunion associated with Acutrak screws is associated with an increased compression force (Wu et al., 2015) , it may then be acceptable to have an interfragmentary gap of 1-2 mm, such that the final compression force is within an acceptable range.
This study has several limitations. The experimental setup assumes the most ideal situation in which the HCS is inserted at right angles to the fracture line, through the centre of the scaphoid, and that the fracture line lies at the midpoint of the HCS where it is known to have the maximum compression force (Sugathan et al., 2012) . Variation in these factors would produce decreased compression force in a less than ideal situation. In addition, the results cannot be extrapolated to other screws owing to the difference in screw design. Other Acutrak 2 screws of different diameters and lengths may produce different results, as may HCSs from other manufacturers. This may be the subject of future studies. Although limited by these factors, this study shows that an interfragmentary gap certainly affects the final compression force and helps us in defining an acceptable gap for the Acutrak 2 Mini HCS.
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